A single step and simple pyrolysis technique is used to prepare carbon nanospheres (CNSs) from natural biowaste sago hampas in a nitrogen atmosphere without any catalyst. Scanning electron microscope (SEM) images along with transmission electron microscope (TEM) images show evidence of high quality CNSs with a good particle size uniformity. Both X-ray diffraction (XRD) and Raman data show the presence of graphitic characteristic peaks of CNSs. Zeta-potential study reveals that the obtained CNSs can be well dispersed in solution making them suitable for cell imaging applications. The use of biowaste sago hampas is very important from the viewpoint of sustainable synthesis of functional CNSs for the future.
Introduction
Carbon nanomaterials with different shapes and structures have attracted widespread attention from many researchers working in various elds around the globe due to their vast applications in diverse elds such as catalyst supports, 1 anode materials of Li-ion batteries, 2 nanostructures in diagnosis, 3 and multiphoton bioimaging. 4 For imaging and efficient drug delivery, various carbon-based nanomaterials have been used as drug delivery vehicles, oen tagged with some uorescent agents and antibodies. [5] [6] [7] Different forms of carbon nanostructures, including carbon nanotubes, 8, 9 carbon nanobers, 10, 11 carbon trees, 12,13 carbon spheres, 14,15 mesoporous carbons, 16 carbon capsules, 17 and carbon nanowalls 18 have been developed since the last 20 years. Among various shapes, carbon nanospheres (CNSs) are gaining interest as catalyst supports, llers for polymer nanocomposites, column packing and lubricating materials, biomedical drug carriers, etc. In recent reports, the CNSs also exhibited excellent photoluminescent properties.
19-21
Various synthetic approaches have been reported to prepare CNSs. [22] [23] [24] [25] All of the methods for carbonization involve the use of either a template, a catalyst, or an oxidising agent. The templating methods require time-consuming process to collect only pure CNSs by separating the material from the used catalysts. Graphite powders, petroleum pitch, carbon rich polymers, and other kinds of liquid/gaseous hydrocarbons have been extensively used for the synthesis of CNSs as precursor. As these chemicals becoming scarce resources and have detrimental impacts on the environment, the use of alternative carbon sources for the synthesis of carbonaceous materials is in high demand in various elds. Thus, the carbon source and the synthetic method are the two key issues for the development of environment-friendly and cost-effective preparation of CNSs. Plant biomasses, biobased oils, and hydrocarbons may serve as the best alternative and renewable carbon sources. Very less effort has been made in this regard to prepare CNSs, 26, 27 although the biomasses have been utilized for the synthesis of chemicals through green routes.
28
This encouraged us to search for new carbon sources and very recently we reported CNSs from oil palm leaves and its electrochemical applications.
29 Following the urge to nd new carbon sources for the preparation of CNSs, herein we propose the use of bio-waste sago 'hampas' which is an inexpensive brous residue obtained from sago palm tree. Sago hampas are rich in cellulose and hemicelluloses with small percentage of lignin content and have a porous structure.
27b, 30 The porous nature of sago hampas prompted us to prepare new CNSs by a simple and catalyst-free pyrolysis technique. The present method is indeed inexpensive and environmentally friendly. Also, our approach can be used in the development of promising applications in various elds.
Experimental section

Synthesis and purication of CNSs
The dry sago hampas were collected from local sago palm estate in Malaysia. The brous residue was separated and dried in an oven at 110 C for two days to remove all the moisture. The dry sago hampas were crushed and grinded at a speed of 12 000 rpm using a centrifugal mill (Retsch, ZM 200, Germany). The grinded raw sago hampas was then sieved to a particle size of 62 mm. Aerwards, the ltered material was pyrolyzed in a tube furnace (Nabertherm, EW-33334-36) at 400 C or 600 C for 2 hours under the continuous ow of N 2 (150 mL cm À3 ) at a heating rate of 5 C min À1 and subsequently cooled down to room temperature in the N 2 atmosphere. The obtained pyrolyzed product was nally washed with a 1 M HCl solution and then rinsed with deionized water.
Characterization
The raw sago hampas and CNSs were characterized using Perkin Elmer Spectrum 100/FT-IR, SEM with EDX analysis (JEOL/JSM-7800F), XRD (Rigaku/Mineex II), TEM (JEOL/JSM 1230), and TGA (METTLER TOLEDO/TGA/DSC HT/1600). The BET surface area was evaluated using Micromeritics ASAP 2020. Before the measurement, the CNSs were degased for 12 hours at 200 C. The Raman spectra of CNSs were taken using HORIBA Scientic Raman spectroscopy. The zeta potentials were measured by Malvern Mastersizer 2000 (Zetasizer Nano ZS90, Malvern Instruments Ltd., UK). Zeta potential is an indicator of the surface charge and colloidal stability of particles. Freshly prepared CNSs were appropriately diluted in aqueous solution just before the measurement. All measurements were carried out at room temperature aer 10 min of equilibration. The data were averaged over three measurements.
Results and discussion
TG-DTA curves of the precursor sago hampas reveal that the degradation takes place in a single step. The mass degradation starts at 270 C and complete degradation takes place around 360 C (Fig. S1 †) . Based on this, we follow a green method for the synthesis of CNSs by a convenient and harmless catalyst-free pyrolysis technique. SEM observation combined with energy dispersive X-ray (EDX) of the precursor sago hampas was carried out to know the original shape and the mass ratios of carbon along with other elements (Fig. 1a and b) . The elemental content was dominated by carbon with 58.85 atomic% and by oxygen with 40.89 atomic%. Negligible amounts of silicone (Si) and calcium (Ca) were also conrmed. This brous shape and the coarse porous nature of the sago hampas can act as a precursor for the formation of CNSs using neither any catalysts nor templates.
FT-IR study is used to ascertain the absorption bands associated with lignocelluloses such as cellulose, hemicelluloses and lignin in sago hampas (Fig. 1c) which is another evidence of a high content of oxygen present in the samples. 31 Along with this, the numerous absorption bands observed in the region 2900 and 1500-900 cm À1 are likely to originate from the structural diversity of celluloses and hemicelluloses 32 including C-OH and C-H functional groups. The bands at 1159 cm À1 and 1032 cm À1 suggests the presence of arabinosyl residues and a-glucan coming from the hemicelluloses. 33 Hence, the glycosidic linkages and hydroxyl groups of cellulose as well as the predominant ether bonds of hemicellulose and lignin as observed in this IR spectrum are in accordance with the previous literature suggesting a lignocellulosic compositions of about 64.4% cellulose, 25.1% hemicellulose and 10.5% lignin. 30 In the wide-angle XRD pattern of the sago hampas, two peaks were observed at 17. diffraction planes, respectively (Fig. 1d) . 34 This is an indication of the microcrystalline nature of the cellulose.
35 Thus, the above characterization data highlight the high content of carbon and oxygen in sago hampas which will contribute to the formation of CNSs.
The raw sago hampas were pyrolyzed in tube furnace at two different temperatures (400 C and 600 C) for 2 hours under a continuous ow of N 2 . The pyrolyzed products were then washed with a HCl solution and then rinsed with deionized water. When the applied temperature is 400 C, the yield is around 20%. To investigate the morphology of the obtained CNSs, SEM and TEM observations were performed. As shown in the Fig. 2 , most of the particles are spherical in shape, although some of them have irregular shapes. Similar results were reported in our previous study. 29a The TEM analysis shows that the average CNSs particle size is 50 AE 5 nm and 65 AE 5 nm for a pyrolysis temperature of 600 C and 400 C, respectively. Thus, the particle size decreases when the applied pyrolysis temperature is increased. Similar observations were carried out through SEM imaging with an average particle size ranging from 60 to 70 nm when pyrolyzed at 600 C and ranging from 80 to 90 nm when pyrolyzed at 400 C. The particle size distribution histograms are presented in Fig. 2a-3 for CNSs pyrolyzed at 600 C and 400 C, respectively. Hence, when the pyrolysis temperature is increased, the surface area is doubled. In our case, the CNSs are composed of dense carbon matrix without porous structures (as shown in Fig. 2a-1 and b-1) . Therefore, the obtained surface area is mostly coming from the external particle surface roughness.
Wide-angle XRD patterns give important information regarding the graphitic structures of carbon as shown in Fig. 3a C and 400 C for TEM and (b-3) the particle size distribution histograms for CNSs treated at 600 C and 400 C for SEM.
which is used as a quantitative measurement of the graphitic character, is 3.50Å. 36 In contrast, this peak is located at 26.8
(d 002 ¼ 3.32Å) when the CNSs are treated at 600 C (ICDD 10713739). At higher temperature, the interlayer d-spacing is slightly reduced. It is noted that additional peaks (at 23.5 for 400 C and 22.2 for 600 C) are also conrmed. These peaks are probably due to the highly crystalline cellulose bres 35,37 which are formed from the hemicelluloses and celluloses of sago hampas. The most important point is that the XRD pattern for CNSs treated at 600 C show two peaks at 41.5 and 46.4 which can be assigned to the 100 plane of graphite (i.e., in-plane structure). 38 This peak was not observed in the case of CNSs treated at 400 C. It is clear that high graphitic structure is realized aer thermal treatment at 600 C.
Raman spectroscopy is extremely useful in deducing the graphitic structure of carbon materials. Raman spectra of CNSs treated at 400 and 600 C are presented in Fig. 3b . The carbon materials produce two main peaks denoted as the D-and G-bands. The D-band which is a diagnostic of disorder in the carbon structure is observed at 1397 and 1380 cm À1 for CNSs treated at 400 C and 600 C, respectively. The G-band, diagnostic of structural order, which is related to the sp 2 bonded carbon atoms from the stretching modes of C]C bonds, corresponding to the E 2g mode in graphite, is found at 1619 and 1624 cm À1 for CNSs treated at 400 C and 600 C, respectively.
39
Despite the different pyrolysis temperature, the peaks for D and G bands are similar. The graphitic character can further be assessed by the relative intensities of D-and G-bands (I D /I G ).
40
In present case I D /I G ratio was found to be 0.87 and 0.84 at 400 C and 600 C, respectively. The full-width at half-maximum (FWHM) of the G-band is found to be 82 cm À1 and 63 cm À1 at 400 and 600 C, respectively. The graphitic character increases as the FWHM value decreases with increasing the pyrolysis temperature. Thus, Raman results together with XRD results give an evidence of the strong graphitic character of the prepared CNSs treated at 600 C.
In the FTIR spectra (Fig. S4 †) of the obtained CNSs, the strong absorption band around 1620 cm À1 was assigned to the (C]O) bond of carbonyl group. The absorption bands around 3400, 2900 and 1500 cm À1 are assigned to the C-OH, C-H and C]C stretch of the carbon skeleton. We can observe large deviation in the shis in the region 1500-900 cm À1 that are due to the lignocelluloses characteristics in sago hampas as precursor. As the pyrolysis temperature increases, the shiing of the peaks in the range of 1500-900 cm À1 is observed, due to the lignocellulosic material from the precursor degrading, thus increasing the graphitic degree.
Zeta potential values provide key information regarding the nanoparticles suspension stability and their cellular uptake.
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In the present work, both type of CNSs showed a stable suspension behaviour as observed by their zeta potential values (Fig. 4a) . CNSs pyrolyzed at 400 C exhibited a zeta potential of À32.5 mV whereas CNSs obtained at 600 C showed a potential of À32.1 mV in aqueous solution. The negative surface charge for both type of CNSs may be linked to the surface functional groups as observed in the FT-IR studies. The CNSs have high zeta potential values, indicating a suitable stability for biological applications. Currently CNSs are Paperexplored as interesting candidates for imaging applications for their size-guided cellular entry, low cytotoxicity prole and tunable emission properties. 42 Synthesized CNSs from biowaste with nano-scale particle size was expected to favour size related cellular entry. The CNSs pyrolised at 400 C tagged with a uorescent dye (coumarin 6) were examined 43 as they are in the size range favouring cellular uptake of nanoparticles.
44 The FTIR spectrum of the coumarin-6 tagged CNSs exhibited peak shis. As shown in the Fig. 5 , these peak shis suggest that the uorescent dye and the CNSs are interacting together. The suspension of the CNSs in aqueous solution is completely transparent (Fig. 4b-1) whereas the tagged CNSs have a red color ( Fig. 4b-2) , indicating their uorescent nature aer tagging. This gives a preliminary idea about the suitability of the present CNSs for cell imaging application.
Conclusions
In conclusion, this work describes a very simple single step fabrication of carbon nanospheres using biowaste materials. Obtained CNSs showed excellent particle size along with high zeta potential values. XRD and TEM data provide evidence of the CNSs quality and crystallographic properties. Fluorescent tagged CNS is promising candidate to become a low-cost probe for cell imaging applications. Detailed studies in this direction are in progress.
